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INTRODUCTION 
This  i s  the  s i x t h  i n  a ser ies  of  q u a r t e r l y  p rogres s  r e p o r t s  
on hydrogen s a f e t y  covering ( a )  review of e x i s t i n g  p r a c t i c e s ,  (b)  de- 
l i n e a t i o n  of  areas i n  which new information needs t o  be developed, 
and ( c )  compilat ion of a s a f e t y  manual based on fundamentals so as t o  
be broadly app l i cab le  t o  opera t ions  involv ing  hydrogen. 
During t h e  p re sen t  r epor t ing  per iod ,  s e v e r a l  hydrogen de- 
t e c t o r s  were evaluated f o r  performance, conversion of a n  18,000-cubic- 
f o o t ,  high-bay f a c i l i t y  i n t o  one s u i t e d  f o r  hydrogen plume s t u d i e s  
was begun, and v i s i t s  t o  hydrogen f a c i l i t i e s  were made. Experimental  
work on t h e  hydrogen-explosion hazards phase of t he  program w a s  cur- 
t a i l e d  because personnel  assoc ia ted  wi th  i t  have been d e t a i l e d  tempo- 
r a r i l y  t o  a f i e l d  i n v e s t i g a t i o n  t h a t  must be conducted du r ing  favorable  
weather .  
CURRENT PROGRESS 
General Hydrogen Sa fe ty  S tud ie s  (R.  A .  Van Meter, A.  S t r a s s e r ,  S:R. 
Harris, and J. Grumer) 
Hydrogen Sa fe ty  P r a c t i c e s  
The hydrogen s a f e t y  manual i s  not  y e t  completed. Work on 
t h e  i n i t i a l  d r a f t  w a s  cont inued.  
V i s i t s  were made t o  the NASA-Lewis Research Center  and t o  
i t s  Plumbrook S t a t i o n  t o  d i s c u s s  hydrogen technology and t o  observe 
i t s  p r a c t i c e .  Topics under d i scuss ion  included vent  f i r e s ,  c r i t e r i a  
f o r  f l a r i n g  waste hydrogen, purging p r a c t i c e s ,  sampling l i q u i d  hydrogen 
f o r  de te rmina t ion  of  contaminants,  ope ra t ions  with l i q u i d  hydrogen a t  
i t s  t r i p l e - p o i n t ,  response of d e t e c t o r s  t o  very  h igh  concen t r a t ions  
of  hydrogen, and use  of  Group D equipment i n  atmospheres t h a t  may con- 
t a i n  hydrogen. 
run  through a K i w i  engine.  
Hydrogen-use p r a c t i c e s  observed included a cold-flow 
Poss ib l e  hazards  t h a t  could develop when a l i q u i d  hydrogen 
appa ra tus  i s  subjected t o  h igh  l eve l s  of r a d i a t i o n  were d iscussed  
w i t h  r e p r e s e n t a t i v e s  of Argonne National Laboratory and the  Cryogenic 
Engineer ing Laboratory,  National Bureau of Standards.  
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Consul ta t ion  was provided t o  personnel  a t  Wright-Patterson 
A i r  Force Base regarding s a f e t y  prqvis ions  i n  the  ope ra t ion  of t h e i r  
hydrogen-driver shock tube f a c i l i t y  i n  which gaseous hydrogen a t  
p re s su res  up t o  30,000 p s i  i s  t o  be used. 
f o r  the  f a c i l i t y  were reviewed and an  a n a l y s i s  w a s  prepared of 
c r e d i b l e  damage t h a t  might r e s u l t  i f  a hydrogen leak  were t o  occur .  
V e n t i l a t i o n  p rov i s ions  
Hydrogen Plumes 
When hydrogen escapes from confinement, a plume develops 
wi th in  which dangerous accumulations of gas  occur .  
t o  d e f i n e  the  plume formed when l iqu id  hydrogen i s  s p i l l e d  have been 
c a r r i e d  out  a t  the  Bureau.21 
considered i n  the  p re sen t  research  and some pre l iminary  r e s u l t s  have 
been reported.21 
l imi t ed  cond i t ions ,  i t  i s  important t o  be a b l e  t o  p r e d i c t  dangerous 
plume cond i t ions  f o r  two purposes. Judgments w i l l  be f a c i l i t a t e d  i n  
s e t t i n g  up quant i ty-d is tance  c r i t e r i a  and gu ide l ines  f o r  t he  optimum 
placement of hydrogen d e t e c t o r s .  It i s  the  purpose, t he re fo re ,  o f  
t h i s  p a r t  of t he  s tudy t o  apply e x i s t i n g  t h e o r i e s  of j e t s  and plumes 
t o  hydrogen plumes and t o  e s t a b l i s h  the  r e l i a b i l i t y  of t hese  t h e o r i e s  
t o  p r a c t i c a l  a p p l i c a t i o n  by means of r e l a t i v e l y  small  s c a l e  modeling 
experiments poss ib l e  here .  
Empir ical  s t u d i e s  
The r e l e a s e  of gaseous hydrogen was a l s o  
Since these  empir ical  s t u d i e s  a r e  only v a l i d  f o r  
Although t h e  l i t e r a t u r e  desc r ibes  the  formation and con- 
f i g u r a t i o n  
and a i r  p o l l u t i o n  a s p e c t s  of t h e  problem. Here, the  formation of 
c louds ,  t h e  e f f e c t  of wind, temperature g r a d i e n t s  and l apse  r a t e s  
a l l  assume g r e a t  importance. I n  the  hydrogen problem, a s p i l l  o r  a 
l e a k  outdoors  involves  about t h e  same fac tors - - indoors ,  a d d i t i o n a l  
e f f e c t s  such as those of obs t ac l e s  and w a l l s  have t o  be considered.  
The following t h r e e  pub l i ca t ions  have d i r e c t  bear ing on t h e  p re sen t  
r e sea rch .  
d e a l i n g  wi th  maintained and instantaneous sources  of buoyancy i n j e c t e d  
i n t o  f l u i d s  wi th  a cons tan t  dens i ty  g rad ien t  (decreasing d e n s i t y  wi th  
h e i g h t ) .  
which mani fes t  both i n i t i a l  momentum and buoyancy. Morton's forced 
plume model encompasses both the  plume r e s u l t i n g  from a s p i l l  of l i q u i d  
of je ts  and plumes, the emphasis i s  on the  meteoro logica l  
The s tudy of Morton e t  a1.31 cons iders  t h e o r i e s  of convection 
Morto&/ l a t e r  expanded t h e s e  s t u d i e s  t o  inc lude  forced plumes 
- 1/ Zabetakis ,  Michael G.,  Aldo L. Furno and Henry E. Pe r l ee .  
i n  Using Liquid Hydrogen i n  Bubble Chambers. 
Report of I n v e s t i g a t i o n s  6309 (1963), 39 pp. 
Explosives  Research Center Hydrogen Sa fe ty  Progress  Report No. 4. 
Morton, B'. R., G. Taylor and J. S. Turner. 
Convection from Maintained and Ins tan taneous  Sources.  
of t h e  Royal Socie ty . ,  v. A 234 (1956), pp. 1-23. 
(1959), pp. 151-163. 
Hazards 
Bureau of Mines 
- 2 /  
- 31 Turbulent  G r a v i t a t i o n a l  
Proceedings 
- 4/  Morton, B. R. Forced Plumes. Jou rna l  of F lu id  Mechanics, v .  5 
3 
hydrogen and t h e  j e t  produced by a leak from a h igh  p res su re  gas  
con ta ine r .  Turner>/ has considered t h e  shape and speed of t h e  
advancing f r o n t  of a buoyant p lume moving i n  surroundings having no 
v a r i a t i o n  of d e n s i t y  wi th  he igh t .  
The s p i l l  of l i q u i d  hydrogen develops i n t o  a buoyant plume 
on ly .  Near t h e  source of a l eak  from a h igh  p r e s s u r e  gas  c o n t a i n e r  
t h e  flow o f  hydrogen approximates a pure j e t  i n  which momentum 
predominates over buoyancy; a s  d i s t a n c e  from t h e  source  i n c r e a s e s ,  
buoyancy becomes more important and t h e  " forced  plume" model becomes 
p e r t i n e n t .  A s  shown by Morton, a p u r e  j e t  expands more wi th  d i s t a n c e  
downstream than  a forced plume and t h e  forced  plume expands more than  
a pure plume. Morton, Taylor and Turner assumed t h a t  ( a )  t h e  r a t e  of 
en t ra inment  of t h e  edge of t h e  plume i s  p r o p o r t i o n a l  t o  t h e  v e r t i c a l  
v e l o c i t y  on t h e  axis  of t h e  plume, (b) t h e  p r o f i l e s  of mean v e r t i c a l  
v e l o c i t y  and mean buoyancy f o r c e  i n  h o r i z o n t a l  s e c t i o n s  a r e  t h e  same 
a t  a l l  h e i g h t s ,  and ( c )  t h e  l a r g e s t  l o c a l  v a r i a t i o n s  o f  d e n s i t y  i n  
t h e  f i e l d  of motion a re  small  compared wi th  t h e  d e n s i t y  of t h e  ambient 
f l u i d  a t  t he  l e v e l  of t h e  source .  The au tho r s  used both square  and 
Gaussian e r r o r  curves  t o  r ep resen t  t h e  p r o f i l e s  o f  f l u i d  v e l o c i t y  and 
buoyancy f o r c e  i n  h o r i z o n t a l  s ec t ions  of t h e  plume. They c h a r a c t e r i z e d  
each such s e c t i o n  by a h o r i z o n t a l  l e n g t h  s c a l e  b, propor t iona l  t o  t h e  
plume r a d i u s  a t  t h e  he igh t  being considered. They a l s o  s t a t e  t h a t  
t h e s e  assumptions a r e  probably s a t i s f i e d  i n  t h e  lower r eg ions  of a 
plume, bu t  no t  i n  t h e  upper regions.  The l a t t e r  reg ions  may be o f  
some importance i n  t h e  hydrogen plume work. Another f a c t o r  no t  con- 
s i d e r e d  by t h e s e  a u t h o r s  i s  o l e c u l a r  d i f f u s i o n ,  which may be important 
i n  t h e  hydrogen plume case.g7 Morton, Taylor  and Turner a l s o  assumed 
t h a t  t h e  v e l o c i t y  and buoyancy p r o f i l e s  are normally d i s t r i b u t e d  about  
- 5/ Turner ,  J. S .  The S t a r t i n g  Plume i n  Neut ra l  Surroundings. 
Jou rna l  o f  F lu id  Mechanics, v. 1 3  (1962), pp. 356-368. 
- 6/ A t h i c k  l a y e r  of pure hydrogen w i l l  d i f f u s e  i n t o  an  a i r  l a y e r  
below i t  so t h a t  a t  a d i s t ance  o f  10 cm from t h e  o r i g i n a l  boundary 
t h e  concen t r a t ion  of hydrogen w i l l  be  4 percent  ( t h e  lower 
f lammabi l i ty  l i m i t )  w i t h i n  about 18 seconds. Fu r the r  d i l u t i o n  
of  t h e  plume w i l l  depend s t rong ly  on molecular d i f f u s i o n .  While 
t h e  plume d e n s i t y  i n c r e a s e s  with h e i g h t  because of en t ra inment ,  
t h e  ambient a i r  d e n s i t y  decreases  wi th  h e i g h t .  A hydrogen plume 
a t  t h e  p o i n t  of t h e  lower flammabili ty l i m i t  w i l l  have a s p e c i f i c  
g r a v i t y  of about 0.964 wi th  r e s p e c t  t o  a i r .  This  corresponds t o  
t h e  s p e c i f i c  g r a v i t y  of a i r  i t s e l f  a t  a temperature of about 10' C 
above t h a t  of t h e  plume. Such a temperature d i f f e r e n t i a l  may 
ex is t  under a high c e i l i n g .  Thus, a plume which has  been d i l u t e d  
t o  t h e  lower flammable l i m i t  o f  hydrogen w i l l  n o t ,  as  a r e s u l t  of 
buoyancy, p e n e t r a t e  a l a y e r  of a i r  whose temperature i s  10' C 
o r  more above t h a t  of t h e  plume. 
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the  a x i s  of symmetry. Under t h i s  assumption, t h e  h o r i z o n t a l  s c a l e  b 
i s  the  d i s t a n c e  from the  a x i s  of symmetry t o  p o i n t s  a t  which t h e  
buoyancy and v e l o c i t y  amplitudes are l / e  of  those  on the  a x i s .  Th i s  
l eng th  i s  p ropor t iona l  t o  the  r ad ius  t o  be observed i n  plume exper i -  
ments. An entrainment  cons tan t  9 i s  s e l e c t e d  so t h a t  t he  ra te  of 
entrainment  of volume a t  any height  i s  27rbau(x),l/ where Q i s  t h e  r a t i o  
of t h e  h o r i z o n t a l  v e l o c i t y  a t  t h e  edge of t h e  plume t o  t h e  v e r t i c a l  
a x i a l  v e l o c i t y  a t  t h a t  he igh t ,  and u(x) i s  t h e  a x i a l  v e r t i c a l  v e l o c i t y  
depending only on t h e  he ight  x. 
equat ions  t o  non-dimensional form and t abu la t ed  numerical  s o l u t i o n s .  
Two h e i g h t s  w e r e  found, t h a t  a t  which t h e  buoyancy f i r s t  vanishes  and 
t h a t  a t  which v e r t i c a l  v e l o c i t y  f i r s t  vanishes .  The bulk  of  t h e  
f l u i d  i n  the  plume w i l l  rise almost t o  t h e  g r e a t e r  of t h e s e  h e i g h t s  
and then  i n  spreading ho r i zon ta l ly  w i l l  f a l l  back aga in  somewhat. 
The au tho r s  reduced t h e  r e s u l t i n g  
The foregoing b r i e f  d i scuss ion  of  plume theory con ta ins  
much t h a t  i s  a p p l i c a b l e  t o  the  problems involved wi th  t h e  t u r b u l e n t  
d i f f u s i o n  of hydrogen r e l eased  i n t o  e i t h e r  t h e  open atmosphere o r  
i n t o  t h e  conf ines  of  a reasonably l a r g e  room. For optimum l o c a t i o n  
of  s enso r s ,  one of  t h e  requirements w i l l  be  an  a b i l i t y  t o  p r e d i c t  
hydrogen concen t r a t ions  based on known parameters .  
A s  a n  example of such p red ic t ion ,  new numerical s o l u t i o n s  t o  
t h e  non-dimensional equat ion  f o r  a s teady  plume i n  a cons t an t  d e n s i t y  
environment were c a l c u l a t e d .  These s o l u t i o n s ,  based on the  work of  
Morton,’Taylor  and Turner are presented i n  f i g u r e  1. It may be seen 
t h a t  t he  r a d i u s  of t h e  plume varies l i n e a r l y  wi th  he igh t  whi le  t h e  
buoyancy and the  v e r t i c a l  ve loc i ty  f i r s t  decrease  r a p i d l y  and then  
s lowly w i t h  he igh t .  Assuming t h a t  t he  assumptions of Morton, Taylor  
and Turner a re  c o r r e c t ,  these  curves may be used t o  p r e d i c t  t he  
buoyancy, r a d i u s  and v e r t i c a l  a x i a l  v e l o c i t y  under g iven  experimental  
c o n d i t i o n s  wi th  only a few a c t u a l  measurements. For example, i f  t h e  
buoyancy i s  determined a t  two adjacent  p o i n t s  a long t h e  axis--and t h i s  
can  be done by measuring hydrogen concen t r a t ions  and c a l c u l a t i n g  t h e  
r e s u l t i n g  buoyancy--a po in t  on the curve  of  t o t a l  buoyancy ve r sus  
h e i g h t  can be found where the  slope w i l l  equa l  t h a t  c a l c u l a t e d  from 
t h e  experimental  d a t a .  This  w i l l  r e l a t e  t h e  non-dimensional curve 
t o  t h e  g iven  experimental  condi t ions  and f u r t h e r  p o i n t s  may be found 
d i r e c t l y  from the  curve.  I n  order  t o  tes t  t h i s  concept ,  d a t a  have 
been used from f i g u r e s  10 and 11 o f  Report No. 4. These are t h e  only 
s u i t a b l e  d a t a  p r e s e n t l y  a v a i l a b l e  f o r  hydrogen. The experimental  
d a t a  dep ic t ed  by these  f i g u r e s  involved measurement of hydrogen i n  
a i r  a t  v a r i o u s  l e v e l s  above a 10 f t3/min leak .  
t h a t  i n  about  10 seconds, t he  hydrogen concen t r a t ion  reached 0.8 
volume pe rcen t  10.5 f e e t  above the  l e a k  and 0.65 volume percent  a t  t he  
14  f t  l e v e l .  Figure 10 shows tha t  t h e  concen t r a t ion  reached somewhat 
below 1 percen t  a t  t h e  7 foo t  l eve l  i n  4.5 seconds. From t h e  d a t a  of 
F igure  11 i n d i c a t e s  
~ ~ -~ 
- 7 /  Both _a and u(x) a r e  empir ical  parameters.  
approximations,  va lues  of u(x) can be predicted.  
By us ing  c e r t a i n  
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f i g u r e  11 of  Report No. 4 and t h e  non-dimensional curve of buoyancy 
ve r sus  he igh t  ( f i g .  1) ca lcu la t ed  from t h e  new numerical s o l u t i o n  
t o  t h e  non-dimensional equat ion  f o t  a s teady  plume i n  a cons t an t  
d e n s i t y  environment, i t  i s  p o s s i b l e  to  c a l c u l a t e  the  concen t r a t ion  
a t  t he  7 f o o t  l e v e l  which would be reached i n  the  same t i m e  (10 
seconds) .  
of 1.8 pe rcen t  w i l l  e x i s t  a t  7 f e e t  i n  10 seconds. The a c t u a l  va lue  
of  somewhat less than 1 percent  i n  4.5 seconds which was found exper i -  
menta l ly  i s  not  i n  disagreement wi th  t h i s  ca l cu la t ed  va lue .  Fu r the r  
confirming d a t a  are  necessary t o  show the  v a l i d i t y  of t h i s  approach f o r  
determining t h e o r e t i c a l l y  the concentrat ions,  v e l o c i t i e s  and spread t o  
be expected when the  surrounding a i r  i s  a t  cons tan t  d e n s i t y  o r  when 
t h e  d e n s i t y  of  a i r  decreases  uniformly wi th  he igh t .  
Th i s  c a l c u l a t i o n  i n d i c a t e s  t h a t  a hydrogen concen t r a t ion  
Experimental  work i s  being planned t o  v e r i f y  t h e  v a l i d i t y  
of  t h e s e  concepts  f o r  p r e d i c t i n g  the  concent ra t ions  t o  be expected 
upon release of hydrogen. A l a r g e  room, whose volume i s  about  18,000 
cubic  f e e t ,  i s  being modified so t h a t  i t  w i l l  be  s a f e  f o r  t h e  r e l e a s e  
of  hydrogen. V e n t i l a t i o n  of the  room i s  being modified and a l i g h t  
s teel  ba r r i cade  i s  being b u i l t  t o  p r o t e c t  personnel  i n  the  event  of 
a n  i g n i t i o n .  While t h i s  f a c i l i t y  i s  being cons t ruc ted ,  p re l iminary  
s t u d i e s  a re  being conducted wi th  helium. 
One of t h e  problems of t h i s  s tudy  of hydrogen plumes i s  
t h e  d e t e c t i o n  and measurement of small concen t r a t ions  of  hydrogen o r  
helium. ' P r e v i o u s l y  t h i s  has  been done by grab  sampling methods. It 
would be b e t t e r  t o  develop mean of cont inuous ly  monitor ing the  con- 
c e n t r a t i o n .  Rosensweig e t  a 1 . d  have developed an  o p t i c a l  method f o r  
measurement of concen t r a t ion  f l u c t u a t i o n s  i n  a j e t  of  smoky a i r  d i s -  
charged i n t o  ambient a i r .  The important cons ide ra t ion  i n  t h e  p re sen t  
s tudy  i s  whether t he  i n j e c t e d  smoke p a r t i c l e s  can fol low t h e  flow 
o f  hydrogen. The c r i t e r i o n  adopted by t h e s e  au tho r s  w a s  t h e  r a t i o  
o f  p a r t i c l e  maximum v e l o c i t y  t o  f l u i d  maximum v e l o c i t y  f o r  a s teady  
s i n u s o i d a l  f l u c t u a t i o n .  They ca l cu la t ed  t h a t  t h i s  r a t i o  w a s  0.997 
a t  5,000 cps  f o r  t h e  one-micron diameter smoke t h a t  they used. 
Using the  d e n s i t y  and v i s c o s i t y  of hydrogen i n s t e a d  of corresponding 
v a l u e s  f o r  a i r ,  c a l c u l a t i o n s  show t h a t  t h i s  r a t i o  w i l l  be about  t he  
same f o r  hydrogen a s  f o r  a i r .  By t h i s  c r i t e r i o n ,  t h e r e f o r e ,  i t  w i l l  
be  f e a s i b l e  t o  fo l low concent ra t ions  of  hydrogen i n  t h e  plume. A f i b e r  
o p t i c  probe and min ia tu re  photoce l l  a r e  being used i n  exp lo ra to ry  
work wi th  helium t o  adapt  t h i s  method t o  our  plume s t u d i e s .  
During the  coming qua r t e r ,  f u r t h e r  work on t h e  plume s t u d i e s  
w i l l  be conducted wi th  helium, pending the  completion of t h e  hydrogen 
f a c i l i t y  . 
- 8/ Rosensweig, Ronald E . ,  Hoyt C .  H o t t e l ,  and Glenn C .  W i l l i a m s .  
Smoke Sca t t e red  Light  Measurement of Turbulent  Concent ra t ion  
F luc tua t ions .  Chemical and Engineering Sciences,  v .  15  (1961), 
pp. 111-129. 
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Plans  on t h i s  phase of the work inc lude :  
(1) Fur the r  development of t h e  f i b e r  o p t i c  probe t o  d e t e r -  
mine i t s  f e a s i b i l i t y  as  a p r e c i s i o n  method of determining concen- 
t r a t i o n s .  
(2) Measurement of concent ra t ion ,  v e l o c i t y  and plume 
spread from a j e t ,  and c o r r e l a t i o n  of t h e s e  measurements by means of 
t h e  prev ious ly  d iscussed  model. 
(3) Following the  work on a simple plume model, i t  w i l l  be 
d e s i r a b l e  t o  cons ider  the  e f f e c t  of such v a r i a b l e s  a s  t h e  presence of 
b a f f l e s  o r  o t h e r  o b s t a c l e s  t o  t h e  free flow of plumes. 
Hydrogen Detec tors  
Four hydrogen gas d e t e c t o r  u n i t s  were eva lua ted .  Two of 
t h e  u n i t s  are po r t ab le ,  one of these  sampled the  a i r  by d i f f u s i o n  and 
convect ion while  t h e  o t h e r  sampled by a s p i r a t i o n .  Of t h e  two non- 
p o r t a b l e  u n i t s ,  one sampled by d i f f u s i o n  while  t he  o t h e r  sampled by 
a s p i r a t i o n .  The d e t e c t o r s  were subjected t o  a series of tests which 
w e r e  designed t o  eva lua te  them under l i k e l y  ope ra t ion  condi t ions .  
Evalua t ing  Hydrogen De tec to r s  
Unit  HD-9 
This  i s  a po r t ab le  u n i t  u t i l i z i n g  a sensing head connected 
t o  t h e  ana lyze r  s y s t e m  by a co i led  cab le  s e v e r a l  f e e t  long. The 
surrounding atmosphere i s  sampled by d i f f u s i o n  and convect ion through 
a porous c y l i n d r i c a l  element which a c t s  as  a flame a r res te r .  Two 
hea ted  f i l amen t s  w i th in  the  porous element are balanced i n  r e s i s t a n c e  
when t h e  gas  sample i s  a i r .  However, s i n c e  one of t he  elements i s  
coa ted  wi th  a c a t a l y s t ,  t he  presence of hydrogen causes  a r ise i n  i t s  
temperature  which r e s u l t s  i n  a n  unbalance i n  t h e  c i r c u i t ,  r e s u l t i n g  
i n  a read ou t  p ropor t iona l  t o  the amount of hydrogen i n  t h e  sample. 
As may be seen from f igu re  2 ,  t h i s  d e t e c t o r  gave c o n s i s t e n t l y  
low readings  on t h e  0-5 percent  s c a l e ,  which va r i ed  between 10 percent  
and 26 percent  below t h e  a c t u a l  composition as  determined by gas  
chromatographic a n a l y s i s .  On the 0-1 percent  s c a l e  t h e  instument w a s  
more e r r a t i c  i n  t h a t  both high and low readings  were obta ined .  It 
w a s  found t h a t  b a t t e r y  f a i l u r e  i n  t h e  instrument  occurred i n  about 
e i g h t  hours of i n t e r m i t t e n t  u s e .  C h a r a c t e r i s t i c a l l y ,  t he  readings  
were lower a s  t he  b a t t e r i e s  dec l ined .  When new b a t t e r i e s  were i n s t a l l e d ,  
t h e  ins t rument  reading d id  not  recover t o  i t s  previous  va lue .  However, 
when t h e  instrument  w a s  exposed t o  enough hydrogen t o  cause f u l l  s c a l e  
d e f l e c t i o n ,  and subsequent ly  r e t e s t e d ,  t h e  readings  were found t o  be 
h ighe r  than  be fo re ,  bu t  s t i l l  considerably lower than  they should have 
been on t h e  b a s i s  of t he  a c t u a l  hydrogen concent ra t ion .  It i s  concluded, 
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the re fo re ,  t h a t  t h i s  instrument  w i l l  s a t i s f a c t o r i l y  i n d i c a t e  the  
presence o r  absence of hydrogen; however, i t  should not  be r e l i e d  on 
t o  g ive  accu ra t e  readings  wi th in  i t s  nominal c a p a b i l i t y  un le s s  i t  
i s  c a l i b r a t e d  before  each use.  Since the  cond i t ion  of  t he  b a t t e r i e s  
i s  c r i t i c a l ,  comparisons wi th in  a s e r i e s  of c a l i b r a t i o n s  w i l l  i n d i c a t e  
whether the  b a t t e r i e s  have t o  be replaced.  
Unit  HD- 10 
I n  t h i s  p o r t a b l e  instrument,  t he  sensing element i s  an 
i n t e g r a l  p a r t  of  t he  complete assembly and t h e  gas  samples are drawn 
through a probe by a s p i r a t i o n .  
Accuracy of t h i s  instrument i s  ind ica t ed  by the  d a t a  i n  
f i g u r e  3, which shows t h a t  a t  low concent ra t ions  of hydrogen, t he  
instrument  reading agreed with the  a c t u a l  hydrogen concen t r a t ion  as 
determined by gas  chromatography. Xs t h e  concen t r a t ion  approached 
100 percent  of t he  lower explosive l i m i t ,  t h e  readings  were low by 
about  13 percent .  The instrument  w a s  checked f o r  r e p r o d u c i b i l i t y  of 
meter readings  a t  s ix  d i f f e r e n t  hydrogen concen t r a t ion  l e v e l s .  The 
meter reading was l e a s t  reproducible  near  t h e  4.0  percent  hydrogen 
l e v e l ,  where t h e  second reading was 4.4  percent  lower than  t h e  o r i g i n a l .  
These same concent ra t ions  were again checked one, two and f i v e  days 
l a t e r .  Readings were gene ra l ly  lower  a f t e r  t h e  f i r s t  day, a t  concen- 
t r a t i o n s  less than 1 pe rcen t .  Readings made wi th  1 percent  hydrogen 
v a r i e d  from a d i f f e r e n c e  of 3.7 percent when checked the  same day t o  
16.7 percent  on the  f i f t h  day. However, m e t e r  read ings  a t  1.6 percent ,  
2 .1  percent  and 2 . 9  percent  hydrogen were i d e n t i c a l  on the  second, 
t h i r d  and f i f t h  day. 
Unit HD-11 
This  i s  a console  u n i t  with a d i f f u s i o n  head, s i m i l a r  i n  
ope ra t ing  p r i n c i p l e  t o  Unit HD-9. This  u n i t  i s  designed t o  ope ra t e  
a t  a number of s t a t i o n s  u t i l i z i n g  a number of modules wi th  one sensing 
head connected t o  each module. The u n i t s  under t e s t  cons i s t ed  of  
t h r e e  sensing heads,  t h r e e  modules and t h r e e  sensing elements.  Measure- 
ment of t he  output  of t he  instrument was made on a B a l l a n t i n e  A.C. 
Vacuum Tube Voltmeter. 
It was found t h a t  t he  sensing heads and modules w e r e  i n t e r -  
changeable,  provided appropr ia te  adjustments  were made. The t h r e e  
sens ing  elements des igna ted  a s  Nos. 10015, 777 and 10120 were q u i t e  
d i f f e r e n t .  
about  60 percent  as high a s  tha t  produced by No.  10015. Readings 
of  t h e  l a t t e r  sensing element were q u i t e  c o n s i s t e n t  w i t h i n  themselves; 
readings  could be equal ized by s u i t a b l e  adjustment of t he  a m p l i f i e r  
g a i n .  No.  10120, on the  o t h e r  hand, turned out  t o  be inope ra t ive .  
Fu r the r  experiments were conducted with element No. 10015, wi th  i t s  
f i lament  a t  14 v o l t s .  
No. 777 produced an output  which w a s  on the  average only 
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The following obse rva t ions  were made on t h i s  u n i t :  
(1) The v o l t a g e  output  i n  response t o  v a r i o u s  known concen- 
t r a t i o n s  of hydrogen-air w a s  q u i t e  reproducib le .  A series of readings  
were made on t h e  h igh  s c a l e  of t h e  instrument where f u l l - s c a l e  reading  
e q u a l s  100 percent  LEL. 
t r i a l s  of 8.6 percent  when measuring a concen t r a t ion  o f  t he  o r d e r  of 
0.5 pe rcen t .  
hydrogen, t h e  l a r g e s t  d e v i a t i o n  from t h e  average w a s  4.0 percent  (see 
f i g .  4 ) .  On t h e  low s c a l e ,  where f u l l  s c a l e  equa l s  25 percent  LEL, 
t h e  meter responds t o  a s p i r a t e d  a i r  a l o n e  so t h a t  t h e r e  was a tendency 
t o  read  h igh  when hydrogen w a s  introduced. 
pe rcen t  hydrogen, t h i s  ins t rument  ind ica t ed  7 5  percent  more hydrogen 
than  w a s  a c t u a l l y  p r e s e n t .  
t h e  i n d i c a t i o n  w a s  11 pe rcen t  high. These f i g u r e s ,  i n d i c a t i n g  a s l i g h t  
ze ro  s h i f t  upwards on t h e  low sca l e ,  should c a u t i o n  t h e  u s e r  t h a t  
c a l i b r a t i o n  o f  t h i s  instrument i s  d e s i r a b l e  be fo re  use i f  accuracy i s  
d e s i r e d .  
There was a s i n g l e  d e v i a t i o n  among t h r e e  
I n  t h e  concen t r a t ion  range of 1.0 pe rcen t  t o  4.0 percen t  
I n  t h e  presence  of 0.10 
When 0.80 pe rcen t  hydrogen was p resen t ,  
(2) When t h e  hydrogen-air mixture w a s  bubbled through 
water t o  produce a h igh ly  humid mixture,  t h e  v o l t a g e  output  was approx- 
ima te ly  10 pe rcen t  lower than  corresponding v o l t a g e s  f o r  d r y  samples 
(see f i g .  5 ) .  
(3) Exposure of t he  d e t e c t o r  element t o  moist  a i r  has  a 
d e t r i m e n t a l  e f f e c t  on t h e  r e l i a b i l i t y  of t h e  ins t rument .  
ou tpu t  was lowered by two-thirds of t h e  o r i g i n a l  va lue  f o r  a g iven  
c o n c e n t r a t i o n  o f  H2-air when t h e  d e t e c t o r  head remained i n a c t i v e  i n  
s t a t i c  a i r  o f  high humidity over a weekend. Th i s  e f f e c t  i s  r e v e r s i b l e  
by ope ra t ing  t h e  head a t  i t s  maximum v o l t a g e  output  f o r  about 1/2 hour. 
The h e a t  genera ted  i s  appa ren t ly  s u f f i c i e n t  t o  d r y  o u t  t h e  element and 
thus  r e a c t i v a t e  i t .  
The vo l t age  
( 4 )  The d e t e c t o r  head i s  p o s i t i o n  s e n s i t i v e ,  t h e  vo l t age  
o u t p u t  r ead ings  being about  8 percent h ighe r  w i t h  t h e  d e t e c t o r  i n  t h e  
h o r i z o n t a l  p o s i t i o n  than when i t  w a s  used i n  t h e  v e r t i c a l  p o s i t i o n  
(see f i g .  6 ) .  
(5) When t h e  instrument w a s  sub jec t ed  t o  low temperature 
(-21" C )  t h e  output  v o l t a g e  dropped t o  v a l u e s  from 18 pe rcen t  t o  50 
p e r c e n t  below t h e  corresponding output  a t  room temperature.  A f t e r  
exposure t o  co ld ,  t he  instrument would perform e r r a t i c a l l y ,  bu t  a f t e r  
about  a n  hour a t  room temperature t h e  output  w a s  aga in  normal (see 
f i g .  7 ) .  
(6)  A t  a somewhat e leva ted  temperature (45" C ) ,  t h e  i n s t r u -  
ment responds normally t o  hydrogen concen t r a t ions  up t o  about 1.0 
p e r c e n t  a t  which i t  reaches  a maximum va lue  which w i l l  no t  be exceeded 
i r r e s p e c t i v e  o f  increased  hydrogen concen t r a t ion  (see f i g .  8) .  
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I .  
( 7 )  
hydrogen concent ra t ion .  
element wi th  shee t  rubber ( p a r t  of a rubber glove) and measuring t h e  
t i m e  from t h e  s l i t t i n g  of t he  p ro tec t ive  cover t o  2 / 3  normal reading .  
Recovery t i m e  w a s  determined by removing the  d e t e c t o r  element from 
the  g iven  concen t r a t ion  of H2-a i r  and measuring t h e  t i m e  f o r  t h e  
ins t rument  t o  r e t u r n  t o  zero .  Resul t s  were as fo l lows .  
Both response and recovery t i m e s  a r e  dependent on 
Response time w a s  measured by covering the  
Table  1. - Unit HD-11 Response and Recovery T i m e s  
Hydrogen concent ra t ion ,  Response t i m e ,  Recovery t i m e ,  
volume percent  seconds seconds 
50 
15  
4 
3 
2 
1 
-- 
1.4  
2.2 
2 . 1  
2 . 1  
3.4 
10.1 
6 . 4  
5 .4  
4.4 
2.9 
-- 
(8) The e f f e c t  of i n e r t  gases  was examined too. 
ou tpu t  of  Unit  HD-11 w a s  determined when t h e  sens ing  element w a s  exposed 
t o  mixtures  of  hydrogen wi th  ni t rogen,  helium and carbon d ioxide .  
Curves of  t h e  vo l t age  output  as a funct ion of hydrogen concen t r a t ion  
a re  g iven  i n  f i g u r e  9 .  
t h e  output  w a s  1.30 v o l t s ,  which i s  t h e  same as t h a t  f o r  1 .5  percent  
hydrogen i n  a i r .  
The vo l t age  
It i s  noteworthy t h a t  f o r  100 percent  helium, 
(9) The e f f e c t  o f  high concent ra t ions  of hydrogen i n  a i r  
i s  ind ica t ed  i n  f i g u r e  10. The vol tage  output  of Unit  HD-11 rises t o  
a m a x i m u m  of 3.6 v o l t s  a t  50 percent hydrogen i n  a i r  and then  drops 
t o  1.6 v o l t s  a t  100 pe rcen t .  This  l a t t e r  va lue  corresponds t o  t h a t  
f o r  2 percent  hydrogen concent ra t ion  on t h e  h igh  scale. 
Unit  HD-12 
This  i s  a console  type instrument t h a t  samples by a s p i r a t i o n .  
The sens ing  element,  conta in ing  c a t a l y t i c  f i l amen t s  i s  remote from t h e  
rest of t h e  assembly and i s  enclosed i n  a n  explosion-proof con ta ine r  
designed f o r  Class 1, Group B atmospheres. Samples of a i r  are drawn 
through t h i s  u n i t  which i s  f i t t e d  wi th  flame arresters both a t  t h e  
i n l e t  and o u t l e t  ends. The ampl i f i e r  and c o n t r o l  u n i t  i s  t o  be 
loca ted  i n  a s a f e  area and i s  designed t o  i n d i c a t e  percent  LEL of 
hydrogen. S u i t a b l e  r e l a y s  a r e  incorporated t o  s e t  alarms and i n d i c a t e  
mal func t ions .  
(1) Voltage ac ross  the f i laments  should be from 1.18 t o  
1.20 v o l t s  f o r  optimum performance of  t h i s  ins t rument .  A s  t h e  f i l amen t s  
g e t  o l d e r ,  t h e  vo l t age  has  t o  be r a i s e d  i n  o rde r  t h a t  t h e  instrument  
. 
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cont inue  opera t ing .  However, t h i s  leads t o  even more r ap id  d e t e r i -  
o r a t i o n  of f i l amen t s .  According t o  the  manufacturer,  f i l amen t s  i n  
t h i s  instrument should l a s t  about s i x  months t o  two yea r s  under normal 
ope ra t ing  cond i t ions .  
(2)  When the  instrument was rece ived  i t  w a s  found t h a t  t h e  
f i l amen t  v o l t a g e  had been r a i s e d  t o  an excess ive  l e v e l .  Some tests 
were made under t h i s  cond i t ion ,  bu t  t h e  f i l amen t s  soon d e t e r i o r a t e d  
and new ones were obta ined  from the  manufacturer.  
(3)  S ince  t h e  instrument i s  designed t o  ope ra t e  wi th  a 
s e t  flow r a t e  of 14  c . f .h . ,  i t  w a s  decided t o  determine how a 
v a r i a t i o n  i n  flow r a t e  would a f f e c t  t h e  readings .  To t h i s  end, a series 
o f  runs  was made wi th  flows of 7 c . f . h . ,  1 4  c . f . h .  and 28 c . f . h .  w i th  
t h e  following r e s u l t s .  
Table 2 .  - Unit HD-12. E f fec t  of Sample Flow Rates.  
Hydrogen concen t r a t ion ,  Meter reading ,  pe rcen t  LEL 
volume percent  7 c . f . h  14 c . f . h .  28 c . f . h .  
18 24 
50 50 
68 70 
84 100 
30 
60 
72 
96 
Figure  11 shows t h e s e  r e s u l t s  g r a p h i c a l l y .  It i s  apparent 
t h a t  t h e  flow should be  kept reasonably c l o s e  t o  the  des ign  va lue  of 
14 c . f . h . ,  s i n c e  the  h ighe r  flow g e n e r a l l y  made t h e  ins t rument  read 
h igh .  
( 4 )  The e f f e c t  of temperature i s  i n d i c a t e d  i n  f i g u r e  1 2 .  
Both high and low gas  temperatures a f f e c t e d  the  response of t h i s  u n i t .  
(5)  The e f f e c t  of humidity i s  shown i n  f i g u r e  13. High 
humidity lowers t h e  response of t he  ins t rument  by about 20 percent .  
It would s e e m  t h a t  p recau t ions  to  d r y  the  a i r  flowing through t h e  u n i t  
a r e  warranted. 
(6) The e f f e c t  o f  high concen t r a t ions  of hydrogen-air w a s  
determined. The instrument was subjec ted  t o  p rogres s ive ly  h ighe r  
concen t r a t ions  of H 2 - a i r ,  up t o  100 percent  hydrogen. The reading  
remained over 100 percent  LEL u n t i l  t h e  hydrogen con ten t  reached 30-35 
p e r c e n t ,  when response became very e r r a t i c ,  wi th  t h e  reading f l u c t u a t i n g  
between 0 and 100. This  e r r a t i c  a c t i o n  continued u n t i l  t h e  90 percent  
hydrogen l e v e l  was reached. A t  t h i s  concen t r a t ion  a s t eady  reading  
o f  92 pe rcen t  LEL was obtained. F u r t h e r  i n c r e a s e  of concen t r a t ion  t o  
100 pe rcen t  H2 s e n t  t he  reading up t o  100 and then down t o  0 where i t  
remained. Af t e r  t h e  instrument was subjec ted  t o  high hydrogen concen- 
t r a t i o n s ,  t he  zero  s h i f t e d  so  t h a t  even a f t e r  adjustment a mixture of 
4 percen t  hydrogen i n  a i r  gave a reading of 84 percent  LEL. 
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A t  t h i s  p o i n t ,  i t  was noted t h a t  when 100 percent  hydrogen 
was d i sp laced  from t h e  instrument  by passing dry  a i r  t h r o u g h . i t ,  the  
flame arrester i n  t h e  exhaust  p o r t  of t h e  instrument  f a i l e d  i n  i t s  
func t ion .  A b r i g h t  flame w a s  e m i t t e d  down t h e  exhaust  tub ing ,  some 
p a r t s  of which were t r a n s l u c e n t  rubber. The f lashback  of flame was 
photographed. F igure  14  shows f i rs t  the  conf igu ra t ion  of t h e  tubing 
i n  conjunct ion  wi th  the  sampling u n i t ,  and second, t h e  b r i g h t  flame 
as  i t  t r a v e l s  down t h i s  tubing.  On exchanging t h e  i n l e t  and o u t l e t  
flame a r r e s t e r s ,  the  arrester  on  the  o u t l e t  s i d e  f a i l e d  too. Exam- 
i n a t i o n  of t h e  flame arresters  d id  not i n d i c a t e  any obvious breaks  i n  
e i t h e r  flame arrester.  
Hydrogen Explosion Hazards (J. N. Murphy and E. L. L i t c h f i e l d )  
Combustion of g rad ien t  mixtures of hydrogen and oxygen was 
i n v e s t i g a t e d  i n  the  24 X 24 X 2-1/4 inch  chamber descr ibed  i n  the  
l a s t  q u a r t e r l y  r e p o r t  (Hydrogen Safety Progress  Report No.  5 ,  January 
1 t o  March 31, 1965). The chamber was designed t o  observe t h e  e f f e c t  
o f  adding a second dimension t o  the  e s s e n t i a l l y  one-dimensional con- 
f i g u r a t i o n  presented  by t h e  combustion tubes used i n  our i n i t i a l  
i n v e s t i g a t i o n s  of  combustion behavior i n  g r a d i e n t  hydrogen-oxygen 
mixtures .  The r e s u l t s  p a r a l l e l e d  those obtained wi th  the  tubes .  
With t h e  draw-plate in se r t ed ,  t h e  lower h a l f  of t h e  chamber 
w a s  f i l l e d  wi th  oxygen and t h e  upper h a l f  wi th  hydrogen. The p l a t e  
w a s  t hen  withdrawn and mixing by d i f f u s i o n  was allowed t o  proceed f o r  
300 seconds a t  which t i m e  i g n i t i o n  was e f f e c t e d  by d i scha rge  of  an  
e l ec t r i c  spa rk  a t  t h e  p lane  of composition d e s i r e d .  Composition- 
d i s t a n c e  va lues  a f t e r  300 seconds of d i f f u s i v e  mixing are  ind ica t ed  
i n  f i g u r e  3 of t h e  l a s t  q u a r t e r l y  r e p o r t .  
When i g n i t i o n  took p lace  i n  the  chamber a t  t h e  composition 
p l a n e  of 32 percen t  hydrogen: 68 percent  oxygen,flame t r a j e c t o r y  
r e c o r d s  ind ica t ed  t h a t  flame moved r e l a t i v e l y  slowly f o r  about  10 msec 
a f t e r  which maximum v e l o c i t i e s  of about 6,200 f t / s e c  (1.9 mmlpsec) 
and 2,300 f t / s e c  (0.7 mm/psec) were reached i n  t h e  hydrogen-rich and 
hydrogen-lean p o r t i o n s  of  t h e  chamber, r e s p e c t i v e l y .  For i g n i t i o n  
of  a s imi la r  g r a d i e n t  mixture  i n  a tube,  flame had developed slowly 
f o r  about  8 m s e c  a f t e r  which maxima of approximately 6,000 and 
2,300 f t / s e c ,  r e s p e c t i v e l y ,  were observed. 
When i g n i t i o n  took place i n  t h e  chamber a t  t he  composition 
p l a n e  of  70 pe rcen t  hydrogen: 30 pe rcen t  oxygen, a n  e s s e n t i a l l y  
c o n s t a n t  v e l o c i t y  of about 2 ,900  f t / s e c  (0.9 mm/psec) was reached i n  
t h e  upper, hydrogen-rich por t ion .  For a s i m i l a r  run  i n  a combustion 
tube ,  t h e  same nea r ly  cons t an t  ve loc i ty  of about  2,900 f t / s e c  was 
reached i n  the  hydrogen-rich end. 
i n  p l anes  of o t h e r  composition produced r e s u l t s  e s s e n t i a l l y  t h e  same 
a s  those  observed wi th  the  combustion tube,  a s  w e l l .  
I g n i t i o n s  i n  the  chamber a t  p o i n t s  
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Figure 1.  - Solut ion t o  the Non-Dimensional Equation (Reference 3) 
for  a Plume i n  a Constant Density Environment. 
. Ll! 
.6 
.6 
.4 
.z 
L 
0 
0 
I I I I I I 
0 / 2 3 4 5- 
HYDROGEN CONCLNTffATiOY! volume ycrcent 
Figure 2 .  - Response of  Portable Detector Unit HD-9 to Hydrogen-Air Mixtures. 
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Figure 3.  - Response of Portable Detector Unit HD-10 to Hydrogen-Air Mixtures. 
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Figure  10. - Response of Unit HD-11 t o  High Concentrations 
of Hydrogen i n  A i r .  
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Figure  11. - E f f e c t  of Var ia t ion  i n  Flow Rate on Response 
of Unit  HD-12. 
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Figure 12. - Effect of Temperature on Response of Unit HD-12. 
Figure 13. - E f f e c t  o f  Humidity on Response of Unit HD-12. 
F I G U R E  14 .  - F a i l u r e  of Flame Arrestor in Unit HD-12. 
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